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Ciliary dysfunction is an increasingly appreciated developmental cause of congenital heart disease (CHD).
1,2 Ciliary dysfunction has been described with CHD in the context of laterality defects such as heterotaxy for some time. 3 Ciliary function is also critical in the developing embryo for neuronal migration. [4] [5] [6] Ciliary dysfunction is known to cause a wide range of phenotypic disorders, including birth defects and developmental delay. [7] [8] [9] It is for these reasons that we hypothesized that individuals with CHD due to ciliary dysfunction are at increased risk for developmental delay.
Disorders causing ciliary dysfunction are known to have multigenic inheritance. 10 Multigenic inheritance is difficult to assess clinically. New standardized methods of assessing variants have made it possible to assess the burden of molecular disruption across a pathway. Combined annotation-dependent depletion (CADD) is a method that assigns a "C-score" to each variant, simplifying the level of molecular disruption into a standardized quantity. 11 Our hypothesis is that children who have CHD due to ciliary dysfunction are at increased risk for developmental delay due to abnormal neuronal migration. To test this hypothesis, we evaluated a cohort of children with hypoplastic left heart syndrome and known developmental phenotype to assess the burden of variants in 14 genes associated with ciliary dysfunction. We were then able to determine whether there was a difference in the level of molecular disruption between groups with and without developmental delay.
MATERIALS AND METHODS

Population
All children had isolated hypoplastic left heart syndrome as defined by the Society of Thoracic Surgery diagnostic criteria. All children underwent developmental evaluation using the Bayley Scales of Infant Development-III (BSID-III) to evaluate cognitive, language, and motor development as well as wholeexome sequencing. Twenty-four children fit these criteria and were included in the analysis. No children were excluded from the study. Developmental delay was defined by an average cognitive and/or language composite score on the BSID-III greater than 1 standard deviation below the mean (score <85). 12 The developmental trajectories by patient are shown in Supplementary Figure S1 online. At the time of their first BSID-III assessment, all subjects had undergone at least one open-heart procedure. Motor delay was not included because Purpose: To test the hypothesis that patients with hypoplastic left heart syndrome (HLHS) and developmental delay will have a higher average summative C-score in ciliopathy genes than patients with HLHS without developmental delay.
Methods: Ciliopathy gene variant burden was determined utilizing a summative C-score for 14 ciliopathy genes in children with HLHS (n = 24). Mean summative C-scores were compared between children with and without developmental delay. Genome-wide randomizing gene sets were evaluated as a scoring control.
Results: Children with developmental delay had a mean summative C-score of 4.05 in ciliopathy genes as compared to a mean summative C-score of 2.02 for children without developmental the score could be influenced by surgical status. Groups were evaluated and there was no significant difference according to Fischer's exact test between groups for gender, prenatal diagnosis, need for extracorporeal membrane oxygenation (ECMO), maternal age, marital status, education level, selfreported race, socioeconomic status, or insurance type. As would be anticipated, Fischer's exact test showed that patients in the developmentally delayed group were significantly more likely to require tube feeding (P > 0.05) at initial discharge. 12 This information is available in more detail in Supplementary Table S1 online. None of the children were premature (<37 weeks gestation), had extracardiac anomalies, or had a known genetic anomaly.
Gene list
The gene list utilized in our study comprises genes previously found to cause molecular disruption in children with congenital heart disease and ciliary dysfunction on videomicroscopy. This list includes CCDC39, CCDC40, DNAH5, DNAH11, DNAI1, DNAI2, DNAL1, KTU, LRRC50, OFD1, RPGR, RSPH4A, RSPH9, and TXNDC3.
13
Sequencing
Exome sequencing was completed with whole-exome capture with an Agilent (Santa Clara, CA) SureSelect Human All Exon kit v.5 and complete next-generation sequencing with an Illumina (San Diego, CA) Hi-Seq 2000. Exome coverage information is available in Supplementary Table S2 online. The average read depth for variants included in the summative C-score was 58. We were able to confirm variants in all children with variants for whom RNASeq data was available for review. Exome capture sequence processing was performed using BWA and GEMINI. 14, 15 
CADD thresholds
To determine the C-score to use as a clinically relevant cutoff, we compared CADD v1.2 to 12,000 sites with ClinVar annotations (database edition 20150305), which randomly selected 6,000 benign and 6,000 pathogenic variants. 11 The C-score threshold of 4.07 was the point at which 50% of pathogenic variants were retained. At this threshold, approximately 3% of benign variants were retained. The C-score at this threshold was 4.07, as shown in Figure 1 .
Analysis
All analyses were performed in R with plyr. 16 All variants found in all genes in a given gene list with an individual C-score >4.07 are included in an individual's summative C-score, which is the sum of all C-scores above the threshold within the gene list. Summative C-scores representing the burden of genetic variation in 14 candidate genes associated with cilia development and function were compared between the children with developmental delay and those without delay. The differences in mean summative C-scores for each phenotypic group were compared between the gene list of interest and randomized lists. Specific variants included in the summative C-scores are listed in Supplementary Table S3 online.
Statistical analysis
Two million random lists of 14 genes were assembled and measured for summative C-score per patient and compared by phenotype. This creates a null distribution for the method genome-wide, such that a given gene list can be compared to blind selection. The result is a percentile (empirical P value) for our ciliopathy gene list as compared to the rest of the genome sequenced. To further control our data, we utilized our method with 2 million sets of 24 individuals from the 1000 Genomes Project (edition 20130502, containing 2,504 individuals) set to determine the differences in summative C-scores in the context of a healthy population across 14 genes. Sex chromosomes were excluded from this analysis.
RESULTS
Patient population
The children completed a total of 74 BSID-III evaluations. Mean age at BSID-III evaluation was 19.3 months. Sixty-two percent were male, and 62% were white non-Hispanic race/ethnicity by parental report. One-third of the children had other significant medical comorbidities in addition to their congenital heart disease. Mean age at first open-heart surgery was 11 days. Half of the children required supplemental tube feedings at the time of their first hospital discharge. Of the 24 children evaluated, 12 (50%) had developmental delay and 12 (50%) did not and performed in the average range. Of the 12 subjects with developmental delay, 8 (67%) had delays in both cognitive and language development. Two (17%) had delay in the cognitive domain only and two (17%) in the language domain only. Developmental scores by patient are shown in Supplementary Figure S1 online.
The average (standard deviation) summative C-score for the ciliopathy gene list for children without delay was 2.02 (3.22); for children with delay, it was 4.05(4.57). This difference of 2.03 is greater than 99.1% (empirical P value <0.01) of random gene lists, as shown in Figure 2 . Investigation of genome-wide random gene sets of N = 14 revealed that individuals with delay and without delay are equivalently burdened across the rest of the genome, 1.07 (2.34) and 0.98 (2.14), respectively.
Among the 1000 Genomes Project controls, genome-wide random gene sets have an equivalent score of 1.18 (1.18). The difference between groups of 12 individuals was remarkably normally distributed, with a mean of 0 and standard deviation of 1. A difference of 2.03 registers above the 97th percentile, indicating a gap of the magnitude seen between the developmentally delayed and the nondelayed is unlikely to occur by random chance (P < 0.04).
DISCUSSION
Patients with HLHS and developmental delay have a higher level of disruption in ciliary genes. This supports our hypothesis that children with CHD due to ciliary dysfunction may be at risk for other complications of ciliary dysfunction, such as
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The sample size is a limiting factor in this study, and these results should be replicated in a larger cohort. Currently, the narrow difference and level of overlap in summative C-scores limit the ability to identify patients at risk for developmental delay using this method clinically. With larger sample sizes and more data, we will have the ability to create more specific cutoffs and define informative gene sets, furthering clinical utility. Another potential limitation of this study is that our analysis to standardize the summative C-score excluded sex chromosomes; however, our gene list included two genes (OFD1 and RPGR) on the X chromosome. We suspect that the exclusion of sex chromosomes did not impact our results because none of the variants contributing to the summative C-score (Supplementary Table S3 online) was in either of these genes.
The importance of developing methods to assess multigenic molecular pathways is clinically critical and more accessible given the availability of sequencing panels. Further investigation of these methods will eventually lead to clinical methods for determining the risk for disorders of complex inheritance such as developmental delay, which can lead to more aggressive early intervention.
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